Background: Anterior cruciate ligament (ACL) reconstruction can effectively return athletes to the playing field, but they are still at risk of developing posttraumatic osteoarthritis (PTOA). No studies have used multivariable analysis to evaluate the predictors of radiographic PTOA in the lateral compartment of the knee at short-term follow-up after ACL reconstruction.
Anterior cruciate ligament (ACL) reconstruction can consistently improve knee stability and return recreational and competitive athletes to their sports, but these patients are still at risk of developing posttraumatic osteoarthritis (PTOA). 4 A short-term study with magnetic resonance imaging (MRI) was demonstrated cartilage changes as early as 6 months postoperatively 16 but was not stratified based on meniscal lesions because of the small sample size. A systematic review of longer term radiographic studies at 10 to 20 years after surgery has demonstrated radiographic signs of PTOA in up to 50% of participants, with worse radiographic changes in ACL-reconstructed patients who have a meniscal tear 10 ; however, no short-term studies with radiographic outcomes have had a sufficient sample size to determine the predictors of early radiographic changes.
We have used a novel nested cohort within the larger Multicenter Orthopaedic Outcomes Network (MOON) prospective cohort to evaluate the initiation, progression, and risk factors for PTOA. The participants were 33 years of age, were injured in sports, and had never undergone contralateral knee surgery. The nested cohort was restricted to participants who were injured playing a sport because we wanted to exclude patients with extremely high-or low-energy injuries and examine the development of PTOA after ACL reconstruction in the injured athlete. We showed that meniscal repair, partial meniscectomy, and older age were associated with a narrower medial compartment joint space 2 to 3 years postoperatively. 8 The goal of the current study was to utilize the same nested cohort of young, active patients to determine the baseline factors associated with a narrower lateral compartment joint space width at the same time point 2 to 3 years after ACL reconstruction. We hypothesized that lateral meniscectomy and cartilage lesions in the lateral compartment would be associated with a narrower lateral joint space.
METHODS

Participants
Participants were recruited from the MOON prospective cohort of 869 eligible patients who underwent ACL reconstruction from 2005 to 2012. This study was approved by the institutional review board at the coordinating center and at each participating site; participants completed informed consent forms before enrollment. Only skeletally mature or nearly skeletally mature patients were included in the cohort; patients who underwent pediatric ACL reconstruction were excluded. All participants completed questionnaires at enrollment and at the 2-year follow-up to capture demographic variables and patient-reported outcomes including the Marx activity score. 9 Surgeons completed questionnaires at the time of surgery to document physical examination results, arthroscopic findings, and details of the surgical technique including graft type and meniscus treatment. Meniscus treatment was classified as normal meniscus (no treatment), meniscal tear stable to probing and central to the popliteal hiatus (untreated tear), meniscal repair, or partial meniscectomy. Cartilage was classified as normal/grade 1 or grade 2, 3, or 4. Participants were eligible for enrollment in the nested cohort if they had undergone surgery by 1 of 5 senior surgeons (J.T.A., C.C.K., R.D.P., K.P.S., R.W.W.); were aged 33 years at the time of surgery; were injured while playing a sport; had undergone no concomitant medial collateral ligament, lateral collateral ligament, or posterior cruciate ligament surgery; and had no history of ACL revision or contralateral knee surgery. Patients were still included in the study if they had a medial collateral ligament injury that did not require repair. Participants returned to their enrollment site for followup, including radiographs between 2 and 3.3 years postoperatively.
Radiographic Technique
The metatarsophalangeal (MTP) radiographic technique was used. Participants were positioned with the first MTP joint directly underneath the front of the x-ray detector with their feet in 15°of external rotation. 11 They bent their knees so that the patella touched the detector. Consistency of positioning was achieved by using identical positioning equipment at all sites. A freestanding reference containing balls that were 5 mm in diameter and spaced 10 mm apart (Radiation Products Design) was utilized to allow calibration for differences in magnification. The reference standard was placed next to the fibular head, vertical to the ground. Each knee was imaged individually using a variety of radiographic equipment (site dependent) including Polyphos (Siemens) and RADspeed (Shimadzu) machines using CR cassettes (Agfa HealthCare) as well as Definium (GE Healthcare), Direct Radiography (Hologic), and FDX 6.2 (Fujifilm Medical Systems) digital machines. Exposure was adjusted to achieve optimal image quality, and all radiological technologists were trained in participant positioning by the study coordinator from the coordinating center before beginning the study. For some images, YAKAMI DICOM Tools (Masahiro Yakami, Department of Diagnostic Imaging and Nuclear Medicine, Kyoto University) were employed to remove identifiers and prepare images for analysis.
Radiographic Joint Space Width Measurement
Multiple steps were taken to deidentify images and prepare them for analysis: XnView open-source image processing software (XnSoft) was used to convert images to the TIFF format to erase all metadata; images were then converted back to the compressed DICOM format using Adobe Photoshop CS6 (Adobe Systems). OsiriX opensource DICOM viewer software (www.osirix-viewer.com) was used to convert compressed DICOM images to uncompressed DICOM images for analysis.
The radiographic joint space width was measured using a previously described semiautomated, computerized method that delineates the tibial and femoral joint surfaces and measures the joint space width at a fixed location 72.5% of the distance from the medial edge to the lateral edge of the tibia. 5 This location was found to be highly sensitive for detecting the progression of lateral joint space width changes in data from the Osteoarthritis Initiative. 7 Patients were removed from the analysis if they did not have a valid measure at this point. The reader was blinded to patient demographics and treatment status, and images were evaluated with the reader viewing the left and right knees simultaneously.
Images were excluded when the following 2 technical factors raised concern about the reliability of the joint space width measurement value. First, images were excluded if the reader judged there to be indistinct lateral compartment joint margins. Second, images were excluded if the absolute value of the side-to-side difference in the rim measurement, that is, the distance between the projected tibial rim and plateau measured in the medial compartment (a measure of tibial inclination), was .2 mm. 7 In addition, participants were randomly eliminated from one site during the first year of follow-up because there were too many eligible participants.
Statistical Analysis
The primary outcome variable for this study was the lateral joint space difference (JSD), defined as the difference between the lateral compartment joint space width in the contralateral healthy knee and the ACL-reconstructed knee. A positive value for the JSD indicates that the ACL-reconstructed knee has a narrower joint space width than the contralateral healthy knee, while a negative value for the JSD indicates that the ACL-reconstructed knee has a wider joint space width than the contralateral healthy knee. A paired t test was used to test the null hypothesis that the JSD between ACL-reconstructed and contralateral healthy knees is similar.
Multivariable generalized linear models were constructed to assess potential predictors of the JSD including age, body mass index (BMI), baseline Marx activity score, graft type, meniscus treatment, and lateral compartment chondral grade. We chose these variables because they had a strong association with patient-reported outcomes at 2 and 6 years in the MOON cohort from which our nested cohort was drawn. 5 Treatment of meniscal tears was based on the surgeon's intraoperative decision: stable tears posterior to the popliteal hiatus were not treated, unstable tears in the vascular zone were repaired, and unstable tears not amenable to repair were resected. Agreement among the surgeons was validated before the initiation of enrollment. 6 Model assumptions of normality and heteroscedasticity were evaluated by examining Q-Q plots, estimating the optimal power parameter of a Box-Cox transformation, and performing the Levene test. All 2-way were evaluated first. If not significant with a P value of .05, the interaction terms were removed, and the main effects were tested. For categorical variables with statistically significant coefficients for multiple categories, the model was run an additional time after changing the reference category for that variable to determine whether there was a statistically significant difference between the other coefficients. A P value of .05 was considered statistically significant; the Holm-Bonferroni method was used to account for multiple comparisons.
RESULTS
Participants
At 2-year follow-up, 869 participants were eligible for inclusion in the nested cohort, 433 patients were evaluated onsite with semiflexed MTP radiographs, and bilateral lateral compartment joint space width measurements were obtained in 358 patients. Inclusions, exclusions, and dropouts are presented in Figure 1 .
Descriptive Data
The median age of the patients was 18.0 years at the time of surgery. There were 170 male and 188 female patients. There were 196 participants (54.7%) with the maximum Marx activity score of 16 points. Descriptive data including meniscus treatment and articular cartilage grade are presented in Table 1 .
Joint Space Width
The mean lateral compartment joint space width was 7.69 mm (95% CI, 7.57-7.80 mm) for ACL-reconstructed In the multivariable generalized linear model, statistically significant variables that were associated with a larger JSD (narrower joint space width on the ACL-reconstructed knee) included lateral meniscectomy (P \ .001) and a Marx activity score less than 16 points (P = .005) (Figure 2 ). Lateral femoral condyle chondral defects at surgery, graft type, age, sex, and BMI were not significant ( Table 2) . Two-way interactions did not reach statistical significance. Pairwise comparisons of the various meniscus treatments are shown in Table 3 , but only the difference between partial lateral meniscectomy and a normal lateral meniscus was statistically significant. Figure 3 shows radiographs of 2 patients: 1 with joint space narrowing and 1 with joint space widening.
Subjects Eligible
DISCUSSION
This study of 358 patients who were injured playing a sport, were aged 33 years at the time of ACL reconstruction, and had no prior injury to either knee showed that the lateral joint space width 2 to 3 years after surgery was 0.11 mm narrower on the ACL-reconstructed knee compared with the contralateral healthy knee. There was more narrowing associated with partial lateral meniscectomy and in patients with a Marx activity score less than 16 points, while there was no significant difference based on articular cartilage grade, lateral meniscal repair, graft type, age, sex, or BMI. As Figure 2 demonstrates, the average patient without partial meniscectomy did not have significant joint space narrowing while accounting for potential confounding factors.
The novel study population excluded older patients, patients with prior knee injuries, and patients who were not injured while playing a sport to examine the effect of injury and treatment factors on the development of PTOA. To our knowledge, this is the first prospective cohort with a sufficient sample size to use multivariable regression to assess risk factors for radiographic changes in the lateral compartment after ACL reconstruction. A previous report on the medial joint space width in 262 participants demonstrated more joint space narrowing in patients with medial meniscal repair, partial medial meniscectomy, and increasing age. 8 Interestingly, neither lateral meniscal repair nor age was associated with a narrower lateral joint space in the current study. These findings support the notion that the medial and lateral menisci are distinct structures with differences in shape, vascularity, and mobility that may result in a varying ability to restore the joint to normal after repair.
Two previous studies measured the lateral joint space width after ACL injuries or ACL reconstruction and included patients with or without meniscal injuries. In a cohort of 19 patients with an isolated ACL tear and normal meniscus treated nonoperatively, there was no significant difference in the lateral compartment joint space width between the ACL-injured and contralateral control knees at 2 to 4 years after injury. 3 Although this cohort was too small to adjust for confounding factors, the findings suggest that in the absence of meniscal injuries, there was no significant lateral compartment narrowing during the first few years after the ACL injury. In a matched case-control study of the joint space width in 39 ACLreconstructed patients with various amounts of lateral meniscal injuries and 32 controls, 6 ACL-reconstructed patients at baseline had a narrower lateral compartment joint space width, and the overall mean lateral joint space Positive values indicate that the anterior cruciate ligamentreconstructed knee had a narrower joint space than the contralateral healthy knee. NA, width was 0.32 mm narrower on the ACL-reconstructed knee than the contralateral knee. One additional participant had a narrower lateral compartment joint space width at 4-year follow-up. 12 This cohort also had an insufficient sample size to adjust for confounding factors, and there was variation in the size of the lateral meniscal tears. However, this study supports our finding that a lateral meniscal tear is associated with lateral compartment joint space narrowing after ACL reconstruction, although the lack of baseline radiographs in our cohort makes us unable to determine the timing of the narrowing (before surgery vs after surgery).
Additional studies have examined the relationship between lateral meniscal injuries and morphological changes on radiographs obtained after surgery. A qualitative systematic review that included publications until December 2013 identified 9 studies that examined the relationship between medial and lateral meniscal tears and PTOA. 13 Radiographs were obtained 5 to 15 years after surgery and were graded by International Knee Documentation Committee, KellgrenLawrence, or Fairbank scales. These studies presented conflicting evidence whether lateral meniscectomy was associated with PTOA, but the majority of studies had fewer than 100 patients, and only 4 of 9 studies accounted for confounding factors. 13 Other studies have investigated the association between lateral meniscal injuries and MRI cartilage changes after an ACL injury. In a study of 154 adults treated operatively (n = 104) or nonoperatively (n = 50) for ACL injuries that were followed using MRI at 2 years after surgery, male sex and lateral meniscal tears were both associated with the progression of cartilage defects in the lateral compartment. 14 Another study of 130 participants with MRI 2 to 3 years after surgery compared 62 patients with an isolated ACL tear and 38 patients with an ACL tear and either a medial or lateral meniscal tear. The authors showed a significant decrease in cartilage volume in the medial and patellofemoral compartments of the patients with a combined injury but no difference in the lateral compartment. 15 This study is limited by the absence of baseline radiographs, which makes us unable to determine whether the lateral compartment joint space narrowing that we observed was present soon after the injury or developed gradually between the time of enrollment and follow-up at 2 to 3 years. While a small cohort study has shown that immediate joint space narrowing of the medial compartment does not occur after arthroscopic partial medial meniscectomy, we are not aware of any analogous study of the lateral compartment.
2 Furthermore, while one could argue that this absence of baseline radiographs in our cohort is a weakness, the authors of this study suggest that because of the significant abnormalities that they identified on baseline radiographs, the contralateral healthy knee is a better control. An additional limitation is that a lateral joint space width value could not be obtained for at least one image in 75 of 433 (17.3%) image pairs that were analyzed, which is a product of patient positioning problems and image quality problems and because MTP radiographs are optimized for measuring the medial compartment joint space width. In addition, our nested cohort was underpowered to obtain a precise estimate of the effects of certain factors including individual grades and locations of cartilage lesions and the use of allografts. Furthermore, the precise anatomic cause of the radiographic joint space changes that we observed cannot be determined from this study. The decrease in joint space could be related to a decreased volume of meniscal tissue in the joint, to a decreased volume of articular cartilage, or to meniscal extrusion. 1 
CONCLUSION
Our novel nested cohort of 358 patients 2 to 3 years after ACL reconstruction who were aged 33 years at the time of surgery, were injured in sport, and had contralateral healthy knees demonstrated lateral joint space narrowing on radiographs, particularly among participants who underwent partial lateral meniscectomy and those with lower baseline activity levels demonstrating more narrowing. The findings from this study suggest that surgeons can tell their patients who undergo lateral meniscal repair or have a stable tear that is left in situ that they are not likely to have any increased risk of PTOA, while those who undergo arthroscopic partial meniscectomy should be advised that they have an increased risk of developing radiographic PTOA 2 to 3 years after surgery. We have not been able to explain the relationship between lower activity level and narrower joint space width, so there is a possibility that this relationship is confounded by a factor that is currently unknown and warrants further study. In addition, our methodology did not allow us to measure the progression of joint space width changes over time, so a follow-up of this cohort with repeat imaging is warranted. 
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